Abstract
Introduction
The measurement of V s can be obtained from conventional laboratory experiments using 48 resonant column (Hardin and Richart 1963; Anderson and Stokoe 1978; Fam et al. 2002) , 49 torsional shear tests (Iwasaki et al. 1978; Youn et al. 2008) , flat transducers and 50 accelerometers (Brignoli et al. 1996; Mulmi et al. 2008; Wicaksono et al. 2008 ) and 51 piezoelectric bender elements technique (Dyvik and Madshus 1985; Viggiani and Atkinson 52 1995; Brignoli et al. 1996; Jovičić et al. 1996; Pennington et al. 2001; Lings and Greening 53 2001; Leong et al. 2005; Yamashita et al. 2009; Clayton 2011) . The bender elements 54 technique was first introduced by Shirley and Hampton (1978) and Shirley (1978) to soil 55 testing, and due to its ability to measure the shear wave velocity of soil in a small-strain range, 56 less than 0.001%, and in a wide range of stress conditions, it has taken a lot of interest of 57 researchers. Nowadays, the bender elements transducers have been becoming a common 58 laboratory tool, and have been incorporated in many geotechnical testing devices, such as 59 oedometers (Dyvik and Olsen 1991; Zeng and Grolewski 2005; Sukolrat 2007 ), cubical and 60 conventional triaxial apparatuses (Gajo et al. 1997; Jovičić and Coop 1998; Kuwano et al. 61 1999; Pennington et al. 2001; Fioravante and Capoferri 2001; Sukolrat et al. 2006; Leong et 62 4 al. 2009; Finno and Cho 2011; Aris et al. 2012; Styler and Howie 2013) , resonant column 63 apparatuses (Ferreira et al. 2007; Youn et al. 2008; Gu et al. 2013) . 64 Despite the popularity of its use, difficulties of signal interpretation of bender elements 65 technique, mainly in the determination of the wave arrival time, are still remaining. Different 66 methods and frameworks for the signal interpretation were reported (Lee and Santamarina 67 2005; Viana da Fonseca et al. 2009; Leong et al. 2009; Arroyo et al. 2010 ), but none has been 68 widely accepted as a standard. In fact, the complex phenomena of wave propagation in a soil 69 sample have not been clearly understood yet, which represents an obstacle to the 70 determination of the arrival point accurately and objectively (Camacho-Tauta et al. 2013) . 71 In the field of geotechnical engineering, most tested materials with bender elements are soils 72 with low stiffness, and generally, the chosen frequency of excitation voltage in most studies 73 ranges from 1 to 30 kHz (Lee and Santamarina 2005; Sukolrat 2007; Youn et al. 2008; Viana 74 da Fonseca et al. 2009; Leong et al. 2009 ). A few researchers used the bender elements 75 technique for stiffer materials, including sandstones (Alvarado 2007) , cement treated clay 76 (Hird and Chan 2008) , and argillaceous rocks (Arroyo et al. 2010) . In these cases, the 77 working frequency range is different, and higher input frequency should be chosen due to the 78 higher resonant frequency of stiff material (Lee and Santamarina 2005 The bender elements are piezo-electrical transducers, which consist of two thin piezo-ceramic S-wave transmission was well described by other researchers (Dyvik and Madshus 1985; 97 Lings and Greening 2001; Lee and Santamarina 2005; Camacho Tauta et al. 2012). 98 Lings and Greening (2001) introduced a bender-extender element to transmit and receive 99 both S-wave and P-wave with a single pair of transducers. The bender (or S-wave) receiver 100 and transmitter in bender element testing also act as an extender (or P-wave) transmitter and 101 receiver, respectively. Specifically, when an input voltage is applied on the extender 102 transmitter, both two piezoceramic sheets with opposite polarisations extend or contract at the 103 same time, causing the propagation of P-wave in a longitudinal direction. The P-wave wiring 104 and transmitting are illustrated in Figure 1b . Note that the measurement of P-wave velocity is 105 mainly useful for unsaturated soils. Since in the saturated soils, P-wave usually travels much 106 faster through water than through soil skeletion (Leong et al. 2009 ). Nevertheless, in this 107 study, the degree of saturation of the tested material is lower than 95%. Bardet and Sayed 108 (1993) who studied the Ottawa sand reported that the P-wave velocity became close to the 109 value of dry sample when the degree of saturation decreased from 100% to 95%. 
116
According to the theory of shear wave propagation in an elastic body, the small strain shear 117 modulus, G max , can be determined by the following formula:
where ρ is the density of soil sample. Leong et al. (2005) 141 to improve the signal interpretation. field component of received signal (Brignoli et al. 1996) . Both point "b" (the first reversal) 145 and point "c" (zero after first reversal) are chosen as the arrival points of S-wave by most 146 researchers (Brignoli et al. 1996; Lee and Santamarina 2005; Youn et al. 2008; Yamashita et 147 al. 2009; Arroyo et al. 2010 ).
8
The "peak-to-peak" method is also widely applied in the signal interpretation. In this method, 149 time delay between the peak of transmitted signal and the first major peak of received signal Figure 2 ) is regarded as the travel time (Clayton et al. 2004; Ogino et al. 2015) .
151
Note that, since the frequency of received signal may be slightly different from that of 152 transmitted signal, and that the nature of the soil and size of the sample often affect the shape 153 of the signal which could present more than one peak, great attention should be paid to the 154 calculation of travel time by the "peak-to-peak" method. between the frequency and the phase change, as introduced by Greening et al. (2003) , 200 Greening and Nash (2004) and explained in details by Kim et al. (2015) . Specifically, the well understood (Greening et al. 2003; Greening and Nash 2004; Viana da Fonseca et al. 211 2009; Ogino et al. 2015) . Therefore, there is still a strong need of searching a simple and 212 objective approach for the bender element testing interpretation with a reliable determination 213 of the arrival time.
214
In this study, the "arrival-to-arrival" method, "peak-to-peak" method, and "π-point" method Quicklime was used in the treatment. The soil powder was first mixed thoroughly with 2% 227 lime, and then humidified to reach two target water contents (at dry or wet side of optimum).
228
More details about the geotechnical properties of this silt and the preparation process of 229 samples can be found in Wang et al. (2015) . In this study, four compacted lime-treated 230 samples (50 mm in diameter and 50 mm in height) with degree of saturation, S r = 72 % at dry 231 side and S r = 93 % at wet side, were tested. The specific sample information is listed in Table   232 1.
233

Experimental Techniques
234
The bender element system used in this study consists of two bender elements (one S-wave 235 transmitter/P-wave receiver and one S-wave receiver/P-wave transmitter, as shown in Figure   236 3), installed at the two extremities of the soil sample. Beforehand, a slot was carried out on was generated by a function generator (TTi TG1010A) and amplified by a power amplifier.
246
Both the transmitter and the receiver signals were captured with an oscilloscope (Agilent 247 DSO-X 2004A). The set-up of the system used is presented in Figure 4a and details of the 248 arrangement of devices are illustrated in Figure 4b . All the four different interpretation 249 methods presented previously ("arrival-to-arrival", "peak-to-peak", "π-point" and S+P 250 methods) were applied for each sample. As for the conventional "arrival-to-arrival" and 251 "peak-to-peak" methods, a single pulse S-wave with various input frequency was used as 252 transmitted signal. In S+P method, both S-wave and P-wave signals transmitted through the 253 same sample by modifying the connection between the two benders, as illustrated in Figure   254 4b. A continuous sweep signal (frequency increased slowly from 20 kHz to 50 kHz) was 255 applied in the "π-point" method. 
326
A higher frequency makes the received signal more readable in case of testing on a stiff 327 material such as compacted lime-treated silt. However, the P-wave component can become 328 significant when the excitation frequency is high (Brignoli et al. 1996) . This is different from 329 a near field component (Lee and Santamarina 2005) . Bender element can also generate small 330 compressive displacements even though the main displacements produced are of shear nature 331 (Brignoli et al. 1996) . More importantly, the small compressive components (P-wave sharp curvature at point S_p in the P-wave received signal. Brignoli et al. (1996) also 358 recommended that high frequency should be used when measuring the P-wave components. is also worth noting that compared to the π-point method, the proposed method is less time 377 consuming.
378
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